Fibronectin-binding protein A (FnBPA) and FnBPB are important adhesins for Staphylococcus aureus infection. We constructed fnbA and/or fnbB mutant strains from S. aureus SH1000, which possesses intact rsbU, and studied the role of these adhesins in in vitro and in vivo infections. In intravenous infection, all fnb mutants caused a remarkable reduction in the colonization rate in kidneys and the mortality rate of mice. fnbB mutant caused a more severe decrease in body weight than that caused by fnbA mutant. Serum levels of interleukin-6 and nuclear factor B (NF-B) activation in spleen cells were remarkably reduced in fnbA or fnbA fnbB mutant infections; however, there was no significant reduction in fnbB mutant infections. In in vitro cellular infection, FnBPA was shown to be indispensable for adhesion to and internalization by nonprofessional phagocytic cells upon ingestion by inflammatory macrophages and NF-B activation. However, both FnBPs were required for efficient cellular responses. The results showed that FnBPA is more important for in vitro and in vivo infections; however, cooperation between FnBPA and FnBPB is indispensable for the induction of severe infection resulting in septic death.
Staphylococcus aureus is a commensal bacterium in humans and a major cause of community-and hospital-acquired infectious diseases (3) . This pathogen causes a variety of diseases in humans, ranging from superficial infections of the skin to severe systemic infections such as endocarditis, osteomyelitis, pneumonia, and sepsis.
The nasal cavities of 30% of the human population are consistently colonized by S. aureus (59) . Nasal colonization by S. aureus is a cause of sepsis because most S. aureus isolates from patient blood with S. aureus sepsis are identical to those isolated from nasal cavities (14, 55) . Furthermore, intracellular S. aureus was detected in the nasal epithelium of patients with recurrent rhinosinusitis. This shows that intracellularly invasive S. aureus may also be a source of chronic infections and sepsis. Of late, methicillin-resistant S. aureus (MRSA) has spread not only in hospitals but also in the community (31) . This increase in MRSA infections is alarming.
S. aureus possesses a large number of virulence factors, including toxins and enzymes. Furthermore, S. aureus expresses a repertoire of cell wall-anchored proteins containing the LPXTG sequence (36) . Some of these proteins interact with host serum or extracellular matrix proteins, so they are thought to be involved in the colonization and invasion of host tissues (17) . Of these proteins, two fibronectin (Fn)-binding protein (FnBP) homologues, FnBPA and FnBPB, have been demonstrated to be involved in not only adhesion to cells but also internalization by cells (14, 17) . Binding of S. aureus to ␣5␤1-integrin on cells via Fn induces the formation of an adherent apparatus-like structure beneath the cell membrane so that the activation signal is transduced (1, 13, 17, 49) . FnBPs have also been demonstrated to be important in in vivo infection by S. aureus (26, 44) . However, many studies have been carried out with fnbA alone (44, 46) or performed with mutants constructed from S. aureus strain 8325-4, which contains a small deletion in rsbU, a positive regulator of B (22, 27, 51) , resulting in the extraordinarily large expression of exoproteins due to high activation of agr. Subsequently, clfA and fnbA are positively regulated either directly or indirectly by B (4, 7, 11, 24, 30, 38, 60) . For years, the NCTC8325 strain and its phagecured derivative 8325-4 have been widely used as model strains for basic research on the genetics and virulence of S. aureus. In addition to the high level of characterization, this strain lineage has seemed representative of the S. aureus species for studying the mechanism of infection because NCTC8325 was clinically isolated from a sepsis patient (35) . However, the 8325 lineage contains mutational defects in two regulatory genes, rsbU and tcrA. It has been demonstrated that tcrA has little effect on the physiology of bacteria such as extracellular protein production, production of staphyloxanthin, hemolytic activity, and biofilm formation, whereas rsbU profoundly alters these properties (18, 19) . In in vitro infection, restoration of rsbU induces high internalization and intracellular growth in human umbilical vein endothelial cells and macrophages (38) . In vivo, intravenous infection with SH1000, a strain of 8325-4 in which rsbU has been repaired, resulted in more significant severe arthritis and sepsis than that with the parental strain (24) . These studies strongly demonstrate that pathogenicity can be remarkably altered by rsbU dysfunction.
In this study, using fnbA and/or fnbB mutants constructed from SH1000, we investigated the roles of FnBPA and FnBPB in a mouse sepsis model and infection of L929 nonprofessional phagocytes and inflammatory macrophages.
MATERIALS AND METHODS
Plasmids and bacteria. The plasmids and bacteria used in this study are listed in Table 1 . fnbA mutant strain JS1078 was constructed as follows. A 3,075-bp fragment containing the fnbA gene from SH1000 was amplified by PCR with ExTaq polymerase (Takara Bio Inc., Tokyo, Japan) and primers fnbA-F3 (5Ј-A AACAATCTTCGGTACGGCA-3Ј) and fnbA-R3 (5Ј-TAAACCCGTCAATTT TTGTT-3Ј). The fragment was inserted into the SmaI site of plasmid PKF3 (Takara Bio Inc.), and the resulting plasmid was designated pHS1. The DNA fragment lacking the 410-bp central part of the fnbA gene was amplified from pHS1 using primers fnbA-XF (5Ј-AGCGAACGGAAATGAGAAAA-3Ј) and fnbA-XR (5Ј-AAATGCAACATGCGAAAATC-3Ј). The fragment containing the 410-bp deletion was ligated to a 1,701-bp Tc r gene fragment that was amplified from plasmid pHY300 (Takara Bio Inc.) using primers Tet-F1 (5Ј-CCC CGGGSAATTCCTGTTAT-3Ј) and Tet-R1 (5Ј-CTTGTTGGTTTTATGCGTG C-3Ј) to create pHS2. The DNA fragment containing the fnbA::Tc r gene was cut out of the plasmid with HindIII and SacI and then ligated into plasmid p159, which had been digested with the same enzymes to create pHS3. pHS3 was electroporated into restriction-negative S. aureus 1039 (61) . Because plasmid pHS3 is not able to replicate at high temperatures, allele replacement was achieved after growth at 42°C for 42 h without antibiotics. The cells were spread onto LB agar plates containing 5 g/ml of tetracycline and incubated at 42°C. PCR analysis was used to verify the fnbA::Tc r allele on the chromosome. Subsequently, fnbA::Tc r was transduced into SH1000 using phage 80␣. fnbB::Em r was transduced from DU5882 (a generous gift from T. Foster) into SH1000 or JS1078 using phage 80␣ to create JS2072 and JS3094, respectively. Plasmids pFNBA4 and pFNBB4 (a generous gift from T. Foster) were electroporated into JS1078 and JS2072 to create the corresponding complemented strains.
Bacteria were grown overnight in brain heart infusion medium at 37°C with shaking to steady state, and then 1/20 volume of each culture was inoculated into heart infusion and cultivated at 37°C with shaking for 1.5 h into the early exponential growth phase. The bacteria were washed three times with phosphate-buffered saline (PBS) and used in in vivo and in vitro experiments.
Analysis of transcription levels of fnbA and fnbB. RNA samples were prepared from SH1000 and its fnb mutants in the early exponential growth phase by using TRI-REAGENT (Molecular Research Center, Inc., Cincinnati, OH). For analysis of fnbA or fnbB transcription levels, cDNA was prepared from the isolated RNA with random primers and SuperScript II reverse transcriptase (TaKaRa Bio Inc.) according to the instructions of the manufacturer. cDNA (50 ng) was used as the template for PCR with ExTaq polymerase (TaKaRa Bio Inc.) for detection of fnbA and/or fnbB. Primers A-F1 (5Ј-GACAAAGAAGCTGCAGC ATC-3Ј) and A-R3 (5Ј-TAAACCCGTCAATTTTTGTT-3Ј) were used to amplify a 3.0-kbp fragment of fnbA that did not contain the signal sequence. Primers A-F1 and B-R3 (5Ј-GAACGCCTTCATAGTGTCATT-3Ј) were used to amplify a 2.8-kbp fragment of fnbB that did not contain the signal sequence.
West-Western blot analysis of Fn-binding components in cell wall fraction. For detection of expressed FnBPs, bacteria in the early exponential growth or stationary phase were lysed with 40 g/ml lysostaphin in the presence of 0.1 M sucrose and 10 g/ml DNase I for 30 min at 37°C with gentle shaking. After centrifugation at 14,000 ϫ g for 10 min, the supernatant was collected and used as cell wall fractions. SDS and 2-mercaptoethanol were added to the supernatant to final concentrations of 0.1% and 0.1 M, respectively, and the supernatant was boiled. Samples were separated by SDS-PAGE and transferred to an Immobilon-P membrane (Millipore Corp., Bedford, MA), where a volume of supernatant corresponding to 5 ϫ 10 8 CFU of bacteria was loaded in each lane. The membrane was blocked and treated with purified bovine serum Fn (50) , which was biotinylated with ImmunoPure Sulfo-NHS-Biotin (Thermo Fisher Scientific Inc., Rockford, IL). The membrane was washed with PBS containing 0.1% Tween 20 and treated with horseradish peroxidase (HRP)-conjugated streptavidin (Sigma-Aldrich Co.). HRP signals were detected with ECL Western blotting detection reagents (GE Healthcare).
Mouse sepsis model. The Animal Care Committee of the Jikei University School of Medicine granted permission for experimentation with live animals in the present work. Female BALB/c mice (5 weeks old) were raised for a week in a constant atmosphere in our animal laboratory. Mice (10 to 12 per group) were then infected intravenously with 0.1 ml of saline containing 5 ϫ 10 7 CFU of S. aureus. Survival and body weight were monitored for more than 2 weeks. In another experiment, kidneys were obtained at 30 min or 24 h after infection and mashed into homogeneous suspensions in nutrient broth (NB). After appropriate dilutions with NB, 0.1 ml of each suspension was plated onto an NB agar plate and then cultivated overnight at 37°C before the colonies were counted. Simultaneously, mouse sera were obtained; interleukin-6 (IL-6) was measured by enzyme-linked immunosorbent assay (Pierce Biotechnology Inc., Rockford, IL). For histological examination, kidneys of infected mice were fixed with 4% paraformaldehyde and embedded in paraffin. Organ sections 4 m thick were then stained with hematoxylin and eosin (H&E).
In vitro infection assays. Peritoneal macrophages were obtained from female BALB/c mice (5 weeks of age; Charles River Laboratories Japan Inc.) as previously described (48) . L929 fibroblasts were maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum (FBS).
In the infection assay, cells were cultured in 8-well slide chambers (Nalgene Nunc International) without FBS (10 5 cells/well). Fn-treated or untreated bacteria were added to the macrophage cultures at a multiplicity of infection (MOI) of 50. After 30 min of incubation, the cultures were washed with RPMI and treated with 20 g/ml lysostaphin and antibiotics (100 units/ml penicillin G and 100 ng/ml streptomycin) for 30 min at 37°C. For the experiment with fibroblasts, /cm 2 without FBS. Bacteria were added to the cultures (MOI ϭ 50) and left standing for 1 h at 37°C. After washing, cells were cultured for 1 h with 20 g/ml lysostaphin and antibiotics. Spleens were obtained from S. aureus-infected mice, and spleen cells were harvested in RPMI medium containing 100 g/ml penicillin and 200 U/ml streptomycin. After passage through a nylon mesh strainer, cells were washed with ice-cold PBS. Nuclear extracts from these cells were prepared with NE-PER Nuclear and Cytoplasmic Extraction Reagent (Pierce Biotechnology). 3Ј-biotinylated double-stranded DNA (dsDNA) oligonucleotides with a consensus binding sequence of NF-B (5Ј-A GTTGAGGGGACTTTCCCAGGC-3Ј) were synthesized by Sigma Aldrich Japan (Hokkaido, Japan). In each reaction mixture, 4 g of nuclear protein and 4 pmol/ml of biotinylated probe were incubated with 5 mM MgCl 2 , 2.5 mM EDTA, 5 mM dithiothreitol, 50 mM Tris-HCl (pH 7.5), 50 g/ml poly(dI-dC), and 5% glycerol at room temperature for 30 min. DNA-protein complexes were separated from unbound probes on 4% polyacrylamide gel and transferred onto Hybond-N ϩ membrane (Amersham Bioscience Corp., Piscataway, NJ); this was followed by cross-linking by UV irradiation. Biotin signals on the membrane were detected with a Chemiluminescent Nucleic Acid Detection Module (Pierce Biotechnology). To confirm that the observed signal was specific, a 200-fold molar excess of unlabeled dsDNA oligonucleotide was added to the reaction mixture as a competitor.
Reverse transcription (RT)-PCR of tumor necrosis factor alpha (TNF-␣) and IL-6. Total cellular RNA was isolated from mouse inflammatory macrophages using TRI-REAGENT (Molecular Research Center, Inc.). Total RNA (100 ng) was reverse transcribed and amplified with gene-specific primers using RT-PCR high-Plus-(TOYOBO). The primer sequences for the genes were 5Ј-TGAACT TCGGGGTGATCGGTC-3Ј (forward) and 5Ј-AGCCTTGTCCCTTGAAGAG AAC-3Ј (reverse) for TNF-␣, 5Ј-GAAAATCTGCTCTGGTCTTCTGG-3Ј (forward) and 5Ј-TTTTCTGACCACAGTGAGGAATG-3Ј (reverse) for IL-6, and 5Ј-ATGTCAGATCCACAACGGATACAT-3Ј (forward) and 5Ј-ACTCCCTCA AGATTGTCAGCAAT-3Ј (reverse) for glyceraldehyde 3-phosphate dehydrogenase.
Statistical analysis. Statistical significance was determined with a log-rank test for mortality rates and a Student t test for differences in body weight and for differences in the number of internalized bacteria in the cells.
RESULTS
Expression of FnBPA and FnBPB in SH1000 and its fnb mutants. Expression of Fn-binding factors in cell wall fractions from wild-type strain SH1000 was investigated by West-Western blot analysis. In the early exponential growth phase, two specific Fn-binding components were detected whose molecular masses were determined to be approximately 200 kDa by SDS-PAGE, while in the stationary phase, these components were not detected (Fig. 1A) . Considering their molecular masses on SDS-PAGE and the expression phases observed, the upper and lower signals were determined to be FnBPA and FnBPB, respectively (32) . These two signals were either equivalent in strength or the lower FnBPB signal appeared to be slightly stronger than the upper FnBPA signal (Fig. 1A and B) . A previous study has shown that FnBPA possesses more Fnbinding segments than FnBPB (6); Fig. 1 shows that SH1000 expresses FnBPA and FnBPB at comparable levels or the expression of FnBPB is slightly higher than that of FnBPA. Furthermore, transcription of fnbA and fnbB was studied by RT-PCR and equivalent expression was observed in the early exponential growth phase (Fig. 1C) . This confirms that equivalent levels of both FnBPs are expressed in SH1000. Only the lower or upper signal was detected in JS1078 (fnbA mutant) or JS2072 (fnbB mutant), while none of the Fn binding signal was observed in JS3094 (Fig. 1B) .
Role of FnBPs in death and weight change of mice during septic infection by S. aureus. We used a mouse sepsis model to compare SH1000 and its fnb mutant strains JS1078, JS2072, and JS3094 for virulence. Mice were intravenously administered 5 ϫ 10 7 CFU, and their survival ( Fig. 2A ) and changes in body weight (Fig. 2B) were observed for more than 2 weeks. In this experiment, all of the mice infected with SH1000 died within 6 days whereas no fnb mutants were so severely lethal, especially in infections with JS1078 and JS3094. Weight was checked daily, and mice infected with SH1000 displayed significantly more weight loss than the other 3 groups of mice; weight loss in SH1000-infected mice started at day 1 and continued until the mice died. The initial loss of body weight was also seen in mice infected with JS1078 or JS2072. In JS1078 infections, weight loss was seen only on the first day. In contrast, it continued for 5 days in JS2072 infections. In JS3094 infections, no weight loss was recorded at least for the first 5 days. We also observed the appearance of the mice following S. aureus infection. The mice infected with JS1078, as well as JS3094, had lustrous fur and remained active; in contrast, mice infected with JS2072 developed unhealthy coats and a remarkable decrease in movement. These results show that the contribution of FnBPA to septic symptoms is greater than that of FnBPB, although both FnBPA and FnBPB are required for septic death. RNA samples were prepared from SH1000 and its fnb mutants in the early exponential growth phase. cDNA was prepared from the isolated RNA with random primers and reverse transcriptase, and cDNA (50 ng) was used as a template for PCR for detection of fnbA and/or fnbB. Primers A-F1 and A-R3 were used to amplify a 3.0-kbp fragment of fnbA. Primers A-F1 and B-R3 were used to amplify a 2.8-kbp fragment of fnbB.
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Colonization and proliferation of the wild-type strain and its fnb mutants in kidneys. We observed bacterial colonization and multiplication in the kidneys at 30 min and 24 h after infection, respectively ( Table 2 ). The number of SH1000 bacteria that colonized a kidney at 30 min was significantly greater than the number of mutant bacteria that did so. The number of bacteria at 24 h increased remarkably only in SH1000 infection (approximately 18-fold). This result shows that both FnBPA and FnBPB are required for efficient colonization and multiplication of S. aureus in kidneys.
To prove the pathological consequence of infection, another septic infection experiment was performed. Similar to the result shown in Fig. 2 , only 30% of the SH1000-infected mice survived for 7 days, whereas all of the mice survived following JS1078 infection (Fig. 3A) . At day 7, the kidneys of mice infected with SH1000 or its fnb mutants were removed, and inspection of kidneys and microscopic observation of H&E-stained thin sections were done (Fig. 3B) . Infection with the wild-type strain generated multiple raised lesions in the renal cortex. H&E staining showed that the lesions contained bacterial foci surrounded by a large number of infiltrated cells. Such abscess formation was not observed in kidneys from mice infected with JS1078. This shows that S. aureus expressing only the FnBPB homologue exhibited attenuated virulence with a defect in the ability to multiply in the kidneys.
NF-B activation in the spleen. NF-B is an important transcription factor that regulates inflammatory and antimicrobial responses, including the expression of many inflammatory and immune factors (5, 43) . To prove the contribution of FnBPs to the activation of this transcription factor in S. aureus infection, translocation of NF-B into the nuclei in spleen cells was studied. Spleen tissue was used because it is a major secondary lymphoid tissue responsible for systemic inflammatory and immune responses. As shown in Fig. 4 , NF-B was obviously translocated into the nucleus in infection with the wild-type strain. However, translocation of NF-B was scarcely detected in JS1078 infection. This shows that inflammatory and immune responses declined remarkably in FnBP mutant infection.
Accumulation of IL-6 in serum. The serum level of IL-6 was another parameter we examined for systemic inflammation; it is a pleiotropic cytokine that plays an important role in the regulation of a variety of inflammatory and immune responses, acute-phase responses, and hematopoiesis (2, 20, 21, 34, 52, 53) in both the mouse-infective wild-type strain and its fnb mutants. Serum from SH1000-infected mice contained high levels of IL-6 at 5 h postinfection; the level returned to the baseline at 24 h postinfection. The level at 5 h postinfection was significantly higher than that in JS1078-and JS3094-infected mice at 5 h after infection ( Table 3 ). The level of serum IL-6 in JS2072-infected mice was lower than that in SH1000-infected mice, but not significantly so. This indicates that FnBPs contribute to IL-6 production in systemic infection and that FnBPA is a more potent inducer of IL-6.
Role of FnBPs in in vitro infection of nonprofessional phagocytes. S. aureus is known to be internalized in nonprofessional phagocytic cells via FnBP-␣5␤1-integrin interaction (17) . We corroborated the effect of FnBPs on cellular infection by S. aureus SH1000 and its fnb mutants in vitro. Figure 5A shows images of lysostaphin-treated and untreated cultures of L929 fibroblasts after 1 h of cocultivation with bacteria (MOI ϭ 50), and the mean Ϯ the standard deviation of internalized bacteria is shown in Fig. 5B . SH1000 adhered well and was internalized by the cells, whereas JS1078 and JS3094 were barely adherent and internalized. In the case of JS2072, adhesion and internalization of bacteria were not completely abolished. These results show that FnBPA and FnBPB cooperatively interact with . Statistical significance of mortality rate differences: P Ͻ 0.001 for SH1000 versus JS1078, SH1000 versus JS2072, and SH1000 versus JS3094. Statistical significance of body weight differences: asterisk, P Ͻ 0.01 for SH1000 versus each mutant; cross, P Ͻ 0.01 for JS3094 versus JS1078 or JS2072. P Ͻ 0.01 for JS1078 versus JS2072 from day 2 to day 8. 
a BALB/c mice were intravenously infected with SH1000 or fnb mutant strains (5 ϫ 10 7 CFU/head). After 30 min or 24 h, kidneys were removed and the number of bacteria in each kidney was analyzed. P Ͻ 0.05 for a versus d and c versus d, P Ͻ 0.01 for a versus c and e versus g, P Ͻ 0.005 for a versus b, and P Ͻ 0.0001 for e versus h. L929 fibroblasts, although FnBPA works more efficiently than FnBPB. Similar results were obtained with other nonprofessional phagocytes, MDCK epithelial cells, and human umbilical vein endothelial cells (data not shown).
Next, we examined the effect of FnBPs on the activation of NF-B in L929 fibroblasts (Fig. 6) . Cocultivation of SH1000 with L929 fibroblasts strongly induced the translocation of NF-B. Translocation of NF-B was also seen in JS2072-treated cells, but the amount was smaller than that in SH1000-treated cells. Both JS1078 and JS3094 did not induce translocation. Complementation with fnbA and fnbB completely restorered this response. These results indicate that the interaction of fibroblasts with S. aureus via FnBPs is associated with the induction of NF-B activation; furthermore, FnBPA is more potent for induction of NF-B activation than is FnBPB.
Effect of FnBPs on activation of inflammatory macrophages. Previously, we reported that Fn-treated S. aureus was well ingested by inflammatory macrophages through ␣5␤1-integrin on the macrophages (49) . To determine the effect of FnBPs on this type of ingestion, thioglycolate-elicited mouse peritoneal macrophages were treated with SH1000 and the mutants. The number of ingested bacteria decreased in all 3 mutants, namely, JS1078, JS2072, and JS3094 (38%, 54%, and 4% of the number of ingested SH1000 bacteria, respectively), and was restored by complementation with fnbA or fnbB (129% and 162% of the number of ingested SH1000 bacteria for JS1078/pFNBA4 and JS2072/pFNBB4, respectively).
Inflammatory macrophages are thought to be among the most important cells in inflammatory responses. Therefore, we studied the activation of NF-B and the expression of the inflammatory cytokines TNF-␣ and IL-6 in inflammatory macrophages. As shown in Fig. 7A , SH1000 induced remarkable activation of NF-B, and Fn pretreatment of SH1000 enhanced this activation. In JS1078, however, the amount of activated NF-B was reduced compared to that in SH1000 infection, irrespective of Fn pretreatment. In accordance with this result, SH1000-ingesting macrophages expressed definite levels of mRNA or TNF-␣ and IL-6; however, JS1078 induced much lower expression of these cytokines (Fig. 7B) . These results indicate that FnBPs are responsible for Fn-mediated ingestion and the induction of an inflammatory response in inflammatory macrophages. 
a BALB/c mice were intravenously infected with SH1000 or fnb mutant strains (5 ϫ 10 7 CFU/head). After 5 or 24 h, serum was removed from the collected blood and the concentration of IL-6 was measured by ELISA. P Ͻ 0.01 for a versus b and a versus d. on January 6, 2018 by guest http://iai.asm.org/ cemia following trauma, surgery, and catheter-related bloodstream infection. Using a mouse model and administration of fnbA and/or fnbB mutant strains derived from the parental strain SH1000, which expressed similar amounts of FnBPA and FnBPB in the exponential growth phase, our present study clearly shows that both FnBPA and FnBPB are indispensable factors in the establishment of septicemia. In a mouse model, the weight loss and lethal effect of intravenously infected S. aureus were dramatically abolished in fnbA or fnbB mutants. An initial reduction in weight was seen in fnbA and fnbB mutant infections; however, a prolonged reduction was only seen in fnbB mutant infections. These results demonstrate that FnBPA and FnBPB work together for the establishment of septic infection, although FnBPA contributes more to infection potency than FnBPB does. The intense effect of FnBPA is obvious in the appearance of infected mice. In fnbA fnbB mutant infections, no obvious change in weight was observed during the first 5 days; this was followed by transient weight loss. Similar transient changes were seen in fnbA mutant infections. The cause of this time profile of body weight changes is not clear, but one possibility is endogenous reinfection by bacteria, as discussed further on.
The cooperative function of FnBPA and FnBPB was also seen in the other parameters indicating the progress of systemic infection, i.e., bacterial colonization, multiplication, and abscess formation in the kidneys. These results clearly show that both FnBPA and FnBPB are indispensable for the initial adhesion of S. aureus, followed by further multiplication of bacteria in organs.
The parameters for systemic inflammation, activation of NF-B, and serum IL-6 levels also indicate that both FnBPs are required for severe inflammatory responses, although FnBPA is necessary for the induction of these responses. IL-6 is known as one of the most important proinflammatory cytokines detected in serum and tissues in mouse models of S. aureusinduced septicemia (2, 20, 21, 34) and in patients with S. aureus septicemia (16, 39, 52) . The time profile of serum IL-6 levels shown in Table 3 is similar to the profile described in another sepsis model of S. aureus intraperitoneal infection (2) and in sepsis caused by another Gram-positive bacterium, Streptococcus suis (9) . Previous studies have demonstrated that IL-10, which appears later than proinflammatory cytokines, inhibits these cytokines (9, 12) , resulting in initially high cytokine levels declining to basal levels at 24 h postinfection. Excess production of proinflammatory cytokines damages the endothelium and other organs (37) . Therefore, high production of IL-6 in wild-type strain-or fnbB mutant-infected mice should be one of the major causes of significant alteration of body weight, unhealthy appearance, and drastic lethality. Palmqvist et al. also demonstrated the contribution of FnBPs to systemic infection (40) . They compared the pathogenicity of wild-type S. aureus strain LS-1 with its mutant lacking both fnbA and fnbB and demonstrated that the fnbA fnbB mutant caused no change in the body weights of mice and lower production of serum IL-6 than the wild-type strain. Furthermore, Kerdudou et al. investigated the role of FnBPs in S. aureus adhesion to and invasion of the endothelium by using FnBPA-or FnBPB-complemented transformants in nonadhesive S. carnosus (26) . These transformants displayed enhanced binding to the vascular endothelium after intra-arterial application compared to that of the wild-type strain. They also demonstrated that FnBPA contributed to bacterial adhesion to the endothelium more efficiently than FnBPB. These studies clearly show the importance of FnBPs in S. aureus infection; however, the contribution of the respective FnBPs to infection with S. aureus in terms of the physiological condition of bacteria has yet to be elucidated. Our present study clearly demonstrates that FnBPA is more crucial than FnBPB, whereas both FnBPA and FnBPB are indispensable for the establishment of sepsis.
The mechanism of in vivo infection is partly explained based on evidence of in vitro cellular studies. FnBPA was crucial for adhesion to and internalization by the cells in the interaction of S. aureus with nonprofessional phagocytic cells, while the mutation in fnbB did not show a significant reduction in this aspect. The adhesion and internalization abilities were in good accordance with the level of NF-B activation. These results suggest that the inflammatory response in nonprofessional phagocytes is associated with systemic inflammation factors such as serum levels of IL-6. Sinha et al. previously suggested that heterologous overexpression of FnBPA or FnBPB in the Du5883 strain, the fnbA fnbB double mutant of strain 8325-4, or the coagulase-negative species S. carnosus was sufficient for staphylococcal invasion of epithelial cells (51) . Under experimental conditions, either FnBPA or FnBPB definitely promotes cellular internalization; however, in physiological expression of FnBPs as in our present study, FnBPA is essential for S. aureus to adhere to and be internalized by host cells.
Macrophages are among the most important professional phagocytes following bacterial infection (54) . We previously reported that S. aureus was ingested by macrophages via Fn and ␣5␤1-integrin (49). This type of ingestion is seen only in inflammatory macrophages and not in resident macrophages because of the difference in their expression of integrin (48) . As mentioned in Results, a mutation(s) in fnbA and/or fnbB resulted in the reduction of bacteria ingested by inflammatory macrophages, suggesting that FnBPs are responsible for ␣5␤1-integrin-mediated ingestion. Recently, Wang et al. demonstrated that macrophages lacking ␤1-integrin exhibit reduced phagocytosis of bacteria, including S. aureus, and that ␤1-integrin works as a phagosome maturation regulator by inducing the expression of Rho family GTPases in macrophages (56) . On the basis of their results and ours, the wild-type strain is expected to be well excluded by macrophages as a demonstration of its lower pathogenicity than its fnb mutants, even if the other phagocytic pathways are activated. However, as shown by our present results, the severity of the wild-type strain in in vivo infection was extremely high compared to that of the fnb mutants. In this regard, Kubica et al. reported that S. aureus SH1000, but not 8325-4, was well phagocytosed by macrophages; however, it persisted intracellularly for a few days without being killed and subsequently escaped into the cytoplasm to lyse the cells (29) . Thus, S. aureus ingested by macrophages may survive in the cells and thereafter cause reinfection in vivo. This may be one of the reasons for the severity of SH1000 infection and for the secondary transient weight loss of fnbA or fnbA fnbB mutant-infected mice. Our study further proved that interaction of ␣5␤1-integrin with FnBPs induced the activation of NF-B and the following expression of proinflammatory cytokines in inflammatory macrophages. Since macrophages are a major source of proinflammatory cytokines on January 6, 2018 by guest http://iai.asm.org/ (8, 57) , these cells are responsible for the high levels of serum IL-6 observed in wild-type strain infections. Our present study shows that FnBPA and FnBPB function cooperatively in in vivo and in vitro infections, primarily through initial adhesion to cells or tissues, although FnBPA plays a more crucial role than FnBPB. This cooperative function between FnBPA and FnBPB is thought to induce severe septic symptoms resulting in septic death from S. aureus infection. The understanding of the structures of FnBPA and FnBPB shows that both proteins have high sequence homology (68%), especially in Fn-binding repeats (FnBRs), which are responsible for binding of F1 modules in the N-terminal domain of Fn (25, 33) . FnBPA possesses 11 potential FnBRs containing 6 high-affinity sites with dissociation constants (K D s) in the nanomolar range and 5 low-affinity sites. Similarly, FnBPB possesses 10 Fn-binding sites and 6 of them are suggested to show high-affinity binding to Fn (33, 42, 47) . A recent study demonstrated that multiple FnBRs were required for virulence in a murine sepsis model, although only a single high-affinity FnBR facilitated the invasion of endothelial cells in vitro (10) . N-terminal A domains in FnBPA and FnBPB are approximately 40% identical in amino acid sequence and have fibrinogen and elastin binding capacity (45, 58) . These findings indicate that FnBPA and FnBPB are similar in organization and function in S. aureus infection. However, the two proteins work cooperatively in in vitro cellular and in vivo septic infections, and further, FnBPA is indispensable, as demonstrated above. The statistics show that the majority (Ͼ70%) of clinical isolates encode both FnBPA and FnBPB, while 20% encode only FnBPA. Isolates encoding only FnBPB are very few (1%) (41) . This reflects the importance of both FnBPs, especially FnBPA, in S. aureus infection and is in accordance with our results. One possible mechanism of infection is the difference between the K D s of the high-affinity Fn-binding motifs in FnBPA and FnBPB; the high-affinity Fn-binding motif in FnBPB has 2 to 3 times lower affinity than that of FnBPA (42) . This difference may not be so significant in each FnBR; however, it may be critical overall, allowing FnBPA to achieve a dominant role. Another possible explanation is the structural difference between the A domains of FnBPA and FnBPB. If the two domains show different tertiary structures on the bacterial surface, functions such as Fn binding would be affected. The third possible mechanism is the difference in the distribution of FnBPA and FnBPB on the bacterial surface. If FnBPA molecules were distributed in clusters on the bacterial surface and FnBPB molecules were distributed all over the surface, integrins would easily be activated by FnBPA because the cluster of FnBPAs could efficiently organize integrins. As a result, S. aureus would be well internalized or well ingested by nonprofessional phagocytes or professional phagocytes, resulting in strong inflammatory responses. Further investigation of the mechanism by which FnBPs contribute to infections caused by clinical isolates is necessary.
